Femtosecond stimulated Raman spectroscopy (FSRS) is a new technique that produces high-quality vibrational spectra free from background uorescen ce. FSRS combines a narrow-bandwidth picosecond Raman pump pulse with an ;80 fs continuum probe pulse to produce stimulated Raman spectra from the pump-induced gain in the probe spectrum. The high intensity of the Raman pump combined with the broad bandwidth of the probe produces high signalto-noise vibrational spectra with very short data acquisition tim es. FSRS spectra of standard solutions and solvents such as aqueous Na 2 SO 4 , aqueous KNO 3 , methanol, isopropanol, and cyclohexane are collected in seconds. Furthermore, stim ulated Raman spectra can be obtained using just a single pump-probe pulse pair that illuminates the sample for only ;1 ps. Fluorescence rejection is demonstrated by collecting FSRS spectra of dyes (rhodamine 6G, chlorophyll a, and DTTCI) with varying degrees of uorescence background and reso nance enhancement. The high signal-to-noise, short data acquisition time, uorescence rejection, and high spectral and temporal resolution of femtosecond stimulated Raman spectroscopy make it a valuable new vibrational spectro scopic technique.
INT RODUCTIO N
Raman spectroscopy is a valuable analytical and vibrational structural technique that has been widely used in chemical, biological, and time-resolved studies. [1] [2] [3] Resonance enhancement of the Raman scattering can be exploited to study selected molecular species, and time-resolved studies extending into the picosecond domain can be performed with pulsed lasers. 3 However, even resonance Raman cross-sections are small (;10 224 cm 2 /mol-ecule·str), making an illuminated molecule ;10 8 times more likely to absorb a photon than to scatter. 2 Additionally, m ost m olecules and associated impurities produce background uorescence that can easily overwhelm the Raman signal. These limitations have m ade it dif cult to exploit the technique routinely, so many analytical and industrial applications have relied upon Fourier transform infrared (FT-IR ) or FT-Raman spectroscopy. 4, 5 We show here that these limitations are completely addressed by stimulated Raman scattering (SRS), m aking it a generally applicable vibrational technique.
Stimulated Raman scattering occurs when two coherent optical elds, the Raman pump beam at v p and the Stokes probe beam at v S , are incident on a sample that contains a molecular vibration whose frequency v v is equal to v p 2 v S . The Stokes Raman transitions of the sample cause net attenuation of the pump beam and net gain in the probe beam. A schematic for fem tosecond stimulated Raman spectroscopy (FSR S) is presented in Fig. 1 . The Raman spectrum is collected with two pulses overlapped in time: (1) the Raman pump, which is a narrow-bandwidth (;15 cm 2 1 ) pulse ;1 ps in duration, and (2) a broadband ;50 fs probe pulse extending from 500 -2300 cm 2 1 to the red of the Raman pum p. The Raman spectrum is determined by the pump-induced gain of the probe pulse. Because the dispersion and detection of the probe intensity is not time-resolved, the FSR S frequency resolution is independent of the time-energy Fourier relationship of the fem tosecond pulse. Instead, the frequency resolution is determined by the convolution of the bandwidth of the Raman pump, the intrinsic Raman linewidth, and the inherent resolution of the spectrographic system. Additional bene ts of FSRS are that the amplication process is self-phase matched and the detection of the coherent and intense probe beam is unaffected by any spontaneous uorescence at the sample point. These bene ts contrast distinctly with coherent anti-Stokes Raman spectroscopy, which requires an intense and therefore generally narrow bandwidth Stokes pulse, threepu lse ph ase-m atchin g, and g en era tes co m plex lin eshapes. 6, 7 Stimulated Raman can be described by coupled wave equations in which the pump and Stokes elds are coupled parametrically by the polarization response of the sample. [8] [9] [10] Because the gain of the Stokes eld is determined by the imaginary part of the third-order Raman susceptibility, x , SRS spectra have real Lorentzian line 3 R shapes, free from complicated interference between the real and background parts of x 3 . 8, 10 In a general treatment of nonlinear spectroscopies, Lee and Albrecht 11 have shown that the differential scattering cross-section for stimulated Raman is given by:
is the spectral photon ux (photons cm 2 2 s 2 1 Hz 2 1 ), and N is the number of m olecules per unit volume. The spontaneous differential Raman cross-section is derived 11 using the zero-point radiation eld intensity instead of the Stokes beam intensity: 2. (a) Laser system for femtosecond broadband stimulated Raman spectroscopy (FSRS). The narrow bandwidth Raman pump is produced by spectrally ltering the 795-nm femtosecond am pli er output and the probe is produced by continuum generation in sapphire. When the two pulses are recom bined and focussed through the sam ple, the stimulated Raman process am pli es the continuum at Ram an resonances Stokesshifted from the Ram an pump wavelength. Dark line 5 793 nm Raman pump beam; gray line 5 NIR continuum probe beam; BS 5 80% reective beamsplitter; L 5 lens; S 5 sapphire plate; PC 5 fused silica prism compressor; NBPF 5 narrow band-pass interference lters; BBS 5 broadband beamsplitter; LPF 5 850 nm long-pass lters; FM 5 focusing mirror; CL 5 cylindrical lenses; S1/S2 5 electronic shutters. (b) The spectra of the Raman pump and probe pulses for a typical experiment on cyclohexane. The pump-off probe spectrum is shown as the dotted line. With the pump-on the Raman gain peaks from the cyclohexane sample are clearly visible in the probe spectrum (solid). The oscillatory intensity in the probe at ;840 nm (*) produces the crossphase modulation features at Ram an frequencies below 770 cm 2 1 .
shows that the relative ef ciency of SRS increases with the probe eld intensity and as the Stokes frequency shifts to the red, where the zero-point radiation density-of-states decreases. Given our typical probe photon ux of 10 12 photons/cm 2 /s/Hz at the sample, we estimate the relative ratio of SRS to spontaneous Raman to be ;10 7 . This is a substantial increase in the number of Raman photons detected and, although transient effects that are expected to decrease the SRS ef ciency have been neglected, 12 should produce much faster acquisition times and less sensitivity to spontaneous emission backgrounds.
In the 1970s, narrow-bandwidth stimulated Raman was championed as a high-resolution spectroscopic tool 7 and as a vibrational pumping technique. 13 The uorescence rejection capabilities of SRS have also been effectively used to generate Raman excitation pro les of uorescent dyes using the inverse Raman effect. 14 More recently, the ease of generating broadband pulses with fem tosecond lasers and the inherently fast time resolution of FSRS has been exploited to perform fem tosecond time-resolved studies of several photochemical and photophysical systems. [15] [16] [17] [18] For example, we have used time-resolved FSRS to observe the ;200-fs excited-state vibrational relaxation in b-carotene. 15 Here we present an effective optical con guration and method for perform ing broadband femtosecond stimulated Raman spectroscopy as well as experiments that explore its utility as an analytical vibrational technique. High signal-to-noise Raman spectra of typical solutions and solvents are acquired in seconds, and spectra of highly uorescent dyes in solution are obtained that are difcult or impossible to obtain using spontaneous Raman techniques. Furthermore, FSRS spectra obtained using a single pump-probe pulse pair demonstrate the feasibility of the real-time observation of chemical reaction dynamics.
M ATERIAL S AND M ETH ODS
Instrumentation. The fem tosecond stimulated Raman spectroscopy laser system shown in Fig. 2 is based on a regeneratively ampli ed Ti : sapphire laser. 15 A Kapteyn-Murnane Ti : sapphire oscillator seeds a regenerative ampli er (BMI Alpha 1000/US) pumped by an intracavity doubled Nd : YLF laser (BMI 621-D). The ampli er produces 45-fs, 800-mJ pulses at a 1-kHz repetition rate with a spectrum centered at 795 nm and a 23-nm full width at half-maximum (FW HM).
The probe beam is produced by continuum generation in sapphire (Fig. 2, top) . The optimum spectral shape and intensity of the continuum was obtained by aperturing the beam to a 3-mm diameter before focusing with a 10-cmfocal-length lens into the 3-mm sapphire plate and collimating the output with a 5-cm-focal-length lens. Pulse compression was performed with a fused silica prism pair in which a 50-cm separation of the prisms removed the chirp in the near-infrared (NIR) portion of the continuum. The short-wavelength portion of the continuum was removed by a long-pass lter (LPF, Kodak Wratten #87C). The pulse-duration and chirp of the probe pulse was measured at the sample point by optical Kerr effect crosscorrelation (OK E-XC) with a portion of the ampli er output pulse. 19 The frequency-resolved OKE-XC indicated that the pulse had an 80-fs Gaussian cross-correlation, with ,8 fs of chirp from 830 -950 nm, corresponding to Raman shifts of 600 -2100 cm 21 .
The Raman pump beam was produced by spectrally ltering the remaining 795-nm output of the ampli er with two narrow band-pass interference lters (NBPF, CVI Laser). The sequential ltering produced an 800-fs Raman pump pulse centered at 793 nm with a Lorentzian spectral pro le and a 1.0-nm (16 cm 2 1 ) FW HM.
The Raman pum p and probe beams are m ade collinear at a broadband beam splitter (BBS) that also facilitates splitting the continuum into probe and reference beams. The pump and probe beams were focused into the sample cell by a 150-mm-focal-length mirror. The Raman pump pulse energy was 1.5 mJ/pulse with a ;150-mm beam diameter at the sample point, and the probe beam was 30 nJ/pulse with a ;60-mm beam diameter. The spatial and temporal overlap of these beams was adjusted to maximize Raman gain signal from cyclohexane. After the sample, the Raman pump pulse was rem oved from both the probe and reference beams with a long-pass lter (LPF, Kodak Wratten #87C). The probe and reference pulses were made parallel and vertically displaced from each other before being focused onto the slit of the spectrograph (slit 5 200 mm or ;12 cm 2 1 ) by two cylindrical lenses (CL) that separately controlled the vertical displacement and the horizontal width of the two beams at the slit. The two beams were dispersed by the spectrograph (ISA HR320, 600 grooves/mm , 1000 nm blaze) and imaged onto a dual-diode array detector (Roper Scienti c, DPDA-1024). Parallel polarized Raman spectra were collected with both beams polarized horizontally, while depolarized or perpendicular Raman spectra were collected by rotating the polarization of the Raman pum p 908 relative to the probe with a half-wave plate (l/2). The polarization-dependent re ectivity of the beam splitter at the Raman pump wavelength was accounted for by multiplying the perpendicular spectra by a scaling factor of 2.14. Absolute Raman shifts were calibrated using the known (parallel) frequencies of several solvents and are accurate to 62 cm 21 .
To m inimize the effects of cross-phase modulation (CPM), the aperture and attenuation of the fundamental beam were adjusted before focusing into the sapphire plate so as to produce the smoothest possible continuum spectrum. Also, the long-pass lters were chosen to have a gradual cut-off and were placed at Brewster's angle to prevent etaloning. CPM is caused by the time-dependent intensity of the Raman pump and the solvent's nonlinear index of refraction, which together produce a periodic phase-shift in the eld of the probe. This effect generates a small blue shift (,0.2 nm) in the spectrum of the probe in the presence of the intense pump eld. 20 CPM is decreased when the pump and probe polarizations are perpendicular, causing the perpendicular peak positions to appear up-shifted by ;2-10 cm 2 1 relative to the calibrated parallel peaks. Additionally, this blue shift in the pump-on spectrum causes a very slight offset (,0.5%) of the gain spectrum where the continuum is smoothly varying, and where the continuum exhibits sharp features, oscillations appear in the calculated gain ratio (e.g., Dn , 770 cm 2 1 , Fig. 2b ). The CPM offset was removed by spline tting and subtracting the spectral baseline. CPM may also be reduced by decreasing the time derivative of the Raman pump intensity envelope, either by decreasing its pulse energy or by increasing its pulse width. Sample Preparation. All solvents used were spectroscopic grade. Chlorophyll a (Aldrich) was dissolved in ethanol (0.6 mM). Rhodamine 6G (Exciton, 1.3 m M) and DTTCI (3,3 9-Diethylthiatricarbocyanine Iodide, Fluka, 2 mM) were dissolved in methanol. Samples were either owed through a 1-cm-path-length glass ow-cell at a rate suf cient to replenish the illuminated volume between shots or they were contained in a 1-cm-path-length cuvette that was rapidly stirred by a magnetic stir-bar.
Data Collection. The detector exposure was controlled by an electronic shutter (S2, Uniblitz LS6T2) positioned at the entrance slit of the spectrograph. To prevent saturation of the detector, the exposure was limited to 97 m s (97 probe and reference pulses), after which the detector was read out while the shutter was closed for 10 m s. As shown in Fig. 2b , the continuum intensity was ;30 000 counts per exposure at the peak of the continuum (870 nm) and ;5000 counts at the minimum (960 nm). During the readout period, the Raman pump beam was shuttered on or off using a second shutter (S1) so that sequential exposures corresponded to either Raman-pump-on or Raman-pump-off conditions. In the 1-cm -path-length pumpon spectra, shown in Fig. 2b , the Raman gain of cyclohexane was clearly visible as peaks on top of the sm ooth continuum background. The stimulated Raman spectrum is obtained by calculating the gain induced in the probe beam by the Raman pump. Initially, the dark background levels are subtracted from the probe and reference spectra, and then the probe spectrum is normalized for intensity uctuations in the continuum by dividing by the reference spectrum. Finally, division of the normalized Raman-pump-on probe continuum by the norm alized Raman-pump-off continuum produces the gain spectrum: The m ajor peak frequencies are noted with the depolarization ratio (r 5^/\ ) in parenthesis. In each spectrum the Raman pump pulse energy was 1.5 mJ/pulse. The aqueous solution spectra are the average of fty 100-ms Ram an gain spectra with a 1-cm-pathlength cell (total acquisition time: 11 s). The methanol and isopropanol spectra are averages of ten 100-ms Raman gain spectra with a 1-cm-pathlength cell (total acquisition time: 2.2 s). The cyclohexane spectrum is an average of ten 100-ms Raman gain spectra with a 3.5-mm-pathlength cell (total acquisition time: 2.2 s). The inset presents a blow up (103) of the Raman feature due to the water bending mode. The non-coincidence between the parallel and perpendicular water bend frequencies is due to changing degrees of cross-phase modulation. cycle) could be collected in ;220 ms, 10 such Raman gain spectra were collected and averaged to improve the signal-to-noise ratio. For the nitrate, sulfate, chlorophyll a, and rhodamine 6G spectra, 50 gain spectra were collected and averaged, increasing the collection time to 11 s. Residual systematic noise caused by the mismatch of the odd and even pixels in the DPDA was decreased with a three-point binomial sm oothing applied to the probe and reference spectra.
RESULTS AND DISCUSSION
The spectra presented in Fig. 2 show that the stimulated Raman ampli cation of the continuum is clearly visible even before calculation of the gain spectrum. Using a 1-cm-path-length cell and a Raman pump energy of 1.5 mJ/pulse, the strong 803 cm 21 cyclohexane peak typically produced a gain of .80%. However, with careful optimization of the beam overlap, similar gains could be generated using a Raman pump energy of only 0.5 mJ/ pulse. Raman gain peaks with amplitudes as low as 0.1% were easily observed after calculating the gain spectrum using Eq. 4. The ability to produce such high Raman gain is due to our use of a sub-picosecond Raman pump pulse with high peak irradiance (11 GW /cm 2 ) while maintaining low average powers (1.5 mW ). The bandwidth of the fem tosecond probe pulse (;100 nm) allows the acquisition of a full Raman spectrum with each shot. Since the probe pulse is dispersed before detection, there is no time-energy uncertainty limitation in the resolution of the detection system. Instead, the width of the Raman peaks is approximately determined by the convolution of the Raman pump bandwidth (16 cm 2 1 ) with the spectrograph resolution (;12 cm 2 1 ) and the inherent linewidth of the Raman transition. For instance, the 803 cm 21 m ode of cyclohexane has a 2.3 cm 2 1 natural linewidth, 21 producing an observed FW HM of 17 cm 2 1 , determined primarily by the Raman pump bandwidth. Figure 3 presents a comparison of stimulated Raman spectra of several solutions comm only used in Raman spectroscopy. The nitrate and sulfate solution spectra were acquired in 11 s and the solvent spectra were acquired in 2.2 s. The peak frequencies agree with literature values to within the experimental accuracy. The sulfate peak at 982 cm 21 showed a peak gain of 7% for the 1 M Na 2 SO 4 solution. The nitrate peak at 1049 cm 21 showed a peak gain of 6% for the 1 M KNO 3 solution. In both of these aqueous solutions, the weakly scattering water bend was easily discernable at 1650 cm 2 1 . The baseline noise in the sulfate and nitrate spectra is ;2 3 10 2 4 and is dominated by systematic detector noise. The shot-noise limit is determined as the square root of the number of photoelectrons measured, which for the continuum intensity of ;16 000 counts/pixel/exposure and a detector gain of 1300 e/count, corresponds to a noise level of 0.022% per pixel per read. The binomial sm oothing reduces this by Ï2, to 0.016%. Calculating the gain using four such measurem ents and then averaging 50 gain spectra produces a theoretical shot-noise limit of 4 3 10 2 5 , which is ;5 times lower than the observed noise. The systematic noise in the solute spectra can be eliminated by subtraction of the pure solvent spectrum, which contains the same systematic noise pattern. Figure 3 also illustrates the use of FSR S to obtain Raman spectra of selected solvents with high signal-to-noise ratios (SNR) and short acquisition times. In each case, the observed parallel peak frequencies agree with the established spontaneous frequencies to within the experimental error. The perpendicular peak frequencies are upshifted because of the cross-phase m odulation discussed above. For each solvent spectrum the baseline noise was 2 3 10 2 4 , a factor of ;2 times the expected shot-noise limit of 9 3 10 2 5 . Methanol exhibits two large peaks in the parallel spectrum with SNR . 400: the C-O stretch at 1036 cm 2 1 with a gain of 18% and the CH 3 deform ation at 1462 cm 2 1 with a gain of 8%. The isopropanol SNR varies from 150 -1700, with parallel peak amplitudes ranging from 33% for the strongly polarized 820 cm 2 1 peak to 3% for the unpolarized 1347 cm 21 peak. The cyclohexane spectrum was obtained using a 3.5-mmpath-length ow cell in order to reduce the nonlinearity of the extremely high Raman gain. For this shortened path length, the 803 cm 2 1 gain was 36% and the smallest FIG. 4. Femtosecond stimulated Raman spectra of cyclohexane obtained with decreasing detector exposure levels. The 1-pulse spectrum is obtained with a single ;1 ps exposure of the sample to a single picosecond-pump, femtosecond-probe pulse pair. As the exposure level is increased , the decreasing baseline noise is apparent in the blown-up regions. The inset shows the increase of the signal-to-noise ratio for the 1444-cm 21 peak as the number of pulses increases. peaks at 1160 and 1352 cm 2 1 had gains of 2.5% and 1% respectively. The cyclohexane SNR was 50 -1800.
Classi cation of Raman peaks as polarized or depolarized can be a useful tool in spectroscopic assignments. In non-resonant Raman, the depolarization ratios (r 5^/ \ ) of the depolarized and therefore non-totally symmetric modes are ;0.75, while the polarized m odes, with r ½ 0.75, are necessarily totally symmetric. 8, 22 Accurate calculations of r are dif cult for highly polarized bands in spontaneous Raman because the depolarized spectrum is generally weak. However, as shown Fig. 3 , both parallel and perpendicular FSRS spectra have high SNR. The large decrease in intensity in the perpendicular spectrum relative to the parallel spectrum is apparent in sulfate at 982 cm 2 1 (r 5 0.08), nitrate at 1049 cm 2 1 (r 5 0.12), methanol at 1036 cm 2 1 (r 5 0.21), isopropanol at 820 cm 2 1 (r 5 0.12), and cyclohexane at 803 cm 21 (r 5 0.11). Quantitatively, however, the strongly polarized peaks all exhibit depolarization ratios that are 0.07-0.14 higher than reported in the literature, most likely due to nonlinearity of the extremely high parallel gains that may begin to saturate the vibrational transition. 21, 23 Using lower powers and shorter path lengths 15 we have shown that the depolarization ratios of the cyclohexane peaks agreed with values reported in the literature. 21 In Fig. 4 we present stimulated Raman spectra of cyclohexane obtained by integrating different numbers of pulses on the detector to explore the feasibility of recording real-time spectra. The maximum number of pulses, 100, was determined by the saturation point of the detector. The m inimum exposure corresponds to a single ;1-ps illumination of the sample. The data in Fig. 4 demonstrate that high-quality data are obtained with only a single pump-probe pulse pair. The intensity of the continuum at the detector corresponds to ;250 counts per pulse at 910 nm. However, even at this exposure level, the SNR of the 803 cm 2 1 peak is ;100 and the SNR of the 1444 cm 21 peak is ;10. As the number of integrated pulses increases, the baseline noise decreases. However, as indicated by the inset plot of the 1444 cm 2 1 SNR, the noise decrease is not strictly proportional to the square root of the number of pulses, as would be predicted in the shot-noise limit, due to the changing contributions from read-noise and the limiting systematic noise at high exposure levels. The ability of FSRS to produce Raman spectra with a single pump-probe pulse pair that illuminates the sample for ,1 ps opens up new possibilities for performing real-time resolved spectroscopy.
Femtosecond stimulated Raman spectroscopy is also valuable for obtaining Raman spectra of uorescent samples because the Raman signal is captured by the coherent probe beam and passed through an aperture to the spectrograph. The systems chosen for study ( Fig. 5 ) present varying degrees of uorescence background and resonance enhancement. Rhodamine 6G has an absorption maximum at 530 nm and 95% uorescence quantum yield in dilute solutions, though at the 1.3 mM concentration used in this study the uorescence quantum yield decreases to 0.30. 24 Chlorophyll a exhibits a broad absorption throughout the visible region with the lowest Q y branch peaking at 670 nm. When puri ed from photosynthetic proteins, the uorescence quantum yield increases 10 fold to 0.32. 25 DTTCI is a NIR emitting laser dye that exhibits an absorption max at 760 nm and a uorescence (F 5 0.38) peaked at 815 nm and extending throughout our Raman window. 26 The stimulated Raman spectra of DTTCI, chlorophyll a, and rhodamine 6G are presented in Fig. 6 . The DTTCI spectrum was collected in 2.2 s and the chlorophyll a and rhodamine 6G spectra were collected in 11 s. The observed noise levels are within 50% of the shot-noise limit because the systematic noise present in the original spectrum is removed by the subtraction of the pure solvent spectra. The largest peaks have gains of ;1%, producing SNR values of 50 and 100 for the 2.2-s and 11-s spectra, respectively. The concentrations necessary to produce the observed 1% gain range from 2 mM for DTTCI, to 600 mM for chlorophyll a, to 1300 mM for rhodamine 6G because of decreasing resonance enhancement. The stimulated Raman peak frequencies agree with spontaneous Raman spectra of these species obtained with a variety of dif cult uorescence rejection techniques. [27] [28] [29] The FSR S detection form at dramatically eliminates the spontaneous emission background in uorescent samples. This allows the observation of the Raman spectrum of DTTCI, which is, to our knowledge, the rst Raman spectrum ever taken in resonance with its 760-nm ab-sorption. The DTTCI stimulated emission did produce a smooth gain background across the Raman window of ;1%. At higher concentrations (.16 mM) this background increased up to ;30%, though its sm ooth shape did not interfere with observation of the stimulated Raman spectrum. There was no uorescent background in the chlorophyll a and rhodamine 6G FSRS spectra, despite the visible yellow uorescence in the rhodamine 6G solution arising from two-photon excitation by the Raman pump.
For comparison, spontaneous Raman spectra were collected using a continuous wave (CW ) Ti : sapphire laser (2 mW of 790-nm excitation) with 908 scattering coupled to a back-illuminated liquid-nitrogen-cooled charge-coupled device (CCD) Raman system (LN-CCD, gain 5 5 e/count). Solvent spectra were visible in a single 2.2-s acquisition but had an SNR an order of magnitude smaller than our FSR S spectra. For the rhodamine 6G solution, the Raman spectrum of the solute was visible after 100 s of data acquisition with SNR ;75. To reach an SNR of 100, equivalent to the FSRS spectrum acquired in 11 s, would require 3 min of data acquisition. The CW Raman spectrum of chlorophyll a and DTTCI could not be observed because of the overwhelming uorescence signal. The chlorophyll a solution produced ;3000 cps of uorescence in the Raman window and DTTCI produced 600 000 cps. Based on the intensity of the solvent Raman peaks, we estimate the intensity of the largest chlorophyll a and DTTCI peaks as 3 cps. For the chlorophyll solution, it would require signal averaging for ;7 3 10 5 s, or ;8 days, to reach the SNR of 100 observed in the 11-s FSRS spectrum. For the DTTCI solution, it would require ;3 3 10 7 s, or ;1 year of signal averaging to acquire a spectrum with the same SNR as the 2.2-s FSRS spectrum.
CONCLUSION AND PRO SPECTS
We have demonstrated that broadband fem tosecond stimulated Raman spectroscopy can be implemented with a standard femtosecond Ti : sapphire laser and used to collect Raman spectra free from background uorescence over a broad spectral window. The high peak intensity of the ;1 ps Raman pump combined with the broad bandwidth of the fem tosecond probe allows the acquisition of high SNR spectra of solutions and solvents with extremely short acquisition times. These characteristics m ake FSRS uniquely valuable for time-resolved studies. The ability to record a spectrum in a single picosecond shot effectively eliminates the need to signal average using multiple pulses and may allow the real-time observation of chemical reactions. Furthermore, by simply adding a fem tosecond actinic pulse we have shown that it is possible to perform time-resolved structural studies of photochemical and photophysical processes with fem tosecond time resolution. 15 The unique uorescence rejection, spectral resolution and extent, and rapid data collection attributes of FSRS will m ake it a broadly applicable technique for high-performance vibrational spectroscopy. Relative to spontaneous Raman, FSRS decreases acquisition times by an order of magnitude for nonresonant dyes and by up to 10 7 for resonantly enhanced uorescent dyes. This makes possible Raman studies of uorescent biomolecules that have been dif cult or impossible to study in the past, such as green-uorescent protein (GFP), photoactive yellow protein, 30 phycobiliproteins, 31 and photosynthetic reaction centers and antenna complexes.
